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Renewable liquid optics with magneto-electrostatic control
D. Ryutov, A. Toor
Lawrence Livermore National Laboratory, Livermore, CA 94551
Abstract

We suggest a new class of high-fllenewableoptics, in particular, fothe use athe X-
ray free electron laser, LCLS, which is under discussion iibw.size of optical elements
we have in mind is from a fraction of a squaeatimeter to dew square centimeters. We
suggesthat working fluid be pressed through a porous substrate (madg, of fused
capillaries) to form dilm, a few tens to a hundred microns thiéiter the passage of an
intense lasepulse, the liquid film is sucked backhrough the substrate by a reversed
motion of thepiston, and formed anew befotbe nextpulse. The working surface of the
film is made flat by capillanforces. We discusthe role ofviscous,gravitational, and
capillary forces inthe dynamics of thélm andshowthat theproperly made film can be
arbitrarily oriented with respect the gravitationaforce. Thismakes theproposedoptics
very flexible. We discuss effects of vibrations of the supporting structuréeaquality of
optical elementsLimitations on the radiation intensity ai@mulated. We show how the
shape othe film surface can be controlled I®jectrostatic ananagneticforces, allowing
one to make parabolic mirrors and reflecting diffraction gratings.



1. Introduction

We propose a new approach to high power-loads on opticsadentive optics
based orthe use ofliquid optical elements (planand shapednirrors, liquid diffraction
gratings, and zonelates).The use ofliquid optical elements, by itself, is not a new
concept.One can citestudies oflarge-area (mangquare meters) planar liquid mirrors for
laser power plants[1], development of rotatin@.5-m diameter parabolianirrors for
telescopes [2] (see also Ref. 3 for an earlier version of 1diametermirror), quasistatic

liquid mirrors controlled byxB forces [4,5], anaptical elements made of “ferromagnetic
fluids” [6,7].

What we are proposing is entirely different. We propose a new claentoheter-
size renewable optical elememtnsisting in most cases of thin liquid films oy®rous
substrates, whichan beused inrep-ratemode. The principal features associated with
these optics are: 1) between two successive pulses the optical elements can be created anew;
2) the filmthickness is irthe rangdrom a few microns to a hundred of microns and the
film’s behavior is stronglyaffected by capillary forces; 3jur optical elements, in most
cases,can be arbitrarily orientedvith respect tothe gravitational force; 4) we use
electrostatic and capillary forces to control the shape of the surface of the film.

To designate thimew class of optics wewill use the acronym“CAMEL”
(“CApillary-Magneto-ELectrostatic”). Although in most cases we consgcal elements
for short-pulse rep-ratsources, our resultdescribing the magneto-electrostatic control of
the shape ofthe surface have broadapplicability and can besed inconjunction with
development of low-fluence long-lasting optics (e.g., adaptive optics).

The word “capillary” is used in this paper in two senses. First, we use hasmn
to designate a thin channel in a solid materi@8econd, following a long tradition, e.g.
[8,9], we use it as aadjective, to designate short-wavelength perturbationtheriree
surface of the fluid (“capillarywaves”). The restoring forcefor this type of waves is
provided by surface tension sometinezdled a “capillaryforce,” whencethe “capillary
waves.”

We believe theCAMEL optics providequalitativelynew andimportant featureshat
will prove to become the enabling technoldgy a broadvariety of applications. many of
which are difficult for us to foresee at this time. the near-term, most importa@AMEL
optics applications will probably be the area ok-ray optics forultra-intense x-rayfree
electron lasers (theeeds ofthe proposed LCLSfacility [10] initially stimulated us to
consider pulse-to-pulse renewaldapillary diffractiongratings and gave rise tbe first
steps in the analysis of the CAMEL concept).

A significant advantage oCAMEL optics for rep-rate applications is that the
parameters of the opticaystemcan be monitored and changed betwien successive
pulses at a frequency of ~ 10 Hz.

Although there exists krge variety of liquids suitablier the CAMEL optics, we
will make all the numericakstimates onlyfor one liquid, namely mercury, because its
parameters are easily availaflem the literature. In the futurevork we will assess the
perspectives of other liquids. Parameters of the mercury required for our further discussion
are listed in Table 1. leases where we discudgelectric fluids we assumehat their

dielectric constant is not much greater thas 15 1.
In all the general equations we use the CGS system of unf{sactical’ estimates
we use mixed units specified in each particular case.



TABLE 1. Room temperature parameters for mercury

Density p=13.6 g/cm
Kinematic viscosity v=1.210%cme/s
Electrical conductivity g=2010 s!
Magnetic diffusivity D =3 510 cmd/s
Thermal diffusivity X=2.710%cmé/s
Surface tension a=500 erg/crh
Thermal capacity c,=1.9110’ erg/criK
Sound speed S=1.910° cm/s
Volumetric thermal expansion B=1.810" K
coefficient

2. Properties of capillary waves.

There existnumerous studies othe theory of capillarywaves, summarized in
Refs. [8, 9]and manyothers. Forthe purpose of our study we need, however, a
somewhat “non-traditional” slice of thiheory, whichcannot befound in onesingle
publication. Therefore, we believe that this introductory chapter will lpgacehere. In all
the numerical examples we will consider the mercury.

2.1 ldeal fluid

Consider a layer of a liquid resting on a planar underlying surface XFighe dispersion
relation for a small-amplitude wave propagating over this surface is [9]:

, O a_k3D
w —H<9+ ) Etanh«h) (2.1)

The first term in the bracket in Eq. (2.1) describes a contribution of gravilye testoring
force; the second termlescribeshe contribution of surfac&ension. Thesetwo terms
become equal to each othekak*, where

ke= 9P (2.2)
\a
For mercury, this critical wave numberk&=5 cni* and corresponds the wavelength of

1.2 cm.
Fig. 2adepicts dispersion curve®r mercury film of various depthsfFig. 2b

depicts dispersiorelation presented in thdimensionless formyith cwmeasured in units
of (h/g)"%, andk measured in units of A/ (= w/h/g, K =kh). In these units the
dispersion relation (2.1) reads:

2
& = If%+(klf—h)2§tanhlf (2.1)



For short wavelength&h>1, the perturbation is localized near the free surface, and
decays exponentially witthe distancdrom the surface, withthe e-folding length being
1/k The dispersion relation for such perturbations reads as:

> O ak30
W =Kg+— (2.3)
p H

For theseshort wavesparalleland perpendicular (to theurface) displacements of liquid
elements are of the same order of magnitude.
Long-wavelength perturbations, with<1, occupy the whole layefhe parallel to

the surface displacements of liquid elemenfy @re in this case much great¢han
perpendicular displacementg)( These displacements are:

= @ - : :@ i -
Ez—zhcoskx wt ) o sinkx —wt ) (2.4)

where oh is the amplitude of the vertical displacement of theface. The parallel
component is independentofup to higher-order corrections he parameterkh). As is

clearfrom Eq.(2.4), §~d/kh>>¢dh. The dispersionrelation for long-wavelength kh<1)
perturbations is
3
W = %g +%§<h (2.5)

The dispersion relation (2.1) describes also gravitational instability of the fibpaid
turned “upside down” so that the substrate is now at the top. Dispersion relatiorcasthis
can be formally obtained from (2.1) by reversing the sigy of

O ak30

2

w” = Tkg+—rtanhkh 2.6
%_g pE kh) (2:6)

Perturbations are stable (eal) for short-enough wavelengtksk*.
Compressibility of the fluid isinimportant, becaudbe phasevelocity is typically
much smaller than theound velocity S. Indeed, forthe mercury thephase velocity,

vak/p, becomes formally greater th&mwnly for unrealistically largé, k>5010° cm™.
2.2 Viscous effects

Viscosity causes damping of stahberturbations. Itcannot stabilize unstable
perturbations withk<k*) in the case of inverted geometyyt, in somecasesgcan reduce
their growth rate.

In the case of short wavelengtkk>1, the damping rate lanis equal to:

Imo = —21k? 2.7)
For long wavelengthkh<1, thedamping ratadlepends onhe parametewt, wherer is a
characteristic time for viscous shear flow to propagate over the film thidkness

h2

v

For a mercury film with=25pm, one hag=5.210°s.
We will need the damping ratanly for the case of smaltvt. In this domain,

perturbations become essentially aperiodic, withsirRew, and

T= (2.8)



h’k’0 a0
Imw=-——m+—Kk 2.9
3v Eg p E (2:9)
(seeRef. [11] and references thereirfjor the invertedconfiguration, and wavelengths
with k<k*, the system is unstable, with the growth rate being, roughly speaking,

(2.10)

3. Creating a planar renewable mirror by pressing a liquid through a porous
substrate.

3.1 General approach

Fig. 3 shows a concept of creatinglanar renewable mirror with arpside-down
orientation. A planararbitrarily oriented mirror is a very importaaiement of the optical
system because it allows one to produce an arbitrary transformation of thHeehghwith
the other liquid optical elementgving a “normal” orientationHig. 4). The liquid film in
Fig. 3 isformed by pressing a workinfiuid through aporous substrate by iston.
Before the gravitational instability has developed, giston suckghe liquid back,and the
cyclerepeats. To be specific, we assutinat thesubstrate isnade offused capillaries of
the same radius,,,, Otherporous substratesre conceivable, but wieave theiranalysis
for the further work. In real life, it may be more convenlenpmshand pull the liquid not
by a piston,but by a flexible membrane driven by actuators situated behind our
conceptual discussion, we, however, will talk solely about a piston.

We suggest usingon-wettablesubstrate. Thiswill probably allow acomplete
removal of the liquid from the outer side of thestem duringhe “in” move of thepiston.
For thewettablesubstrate, onean expect thadroplets will stick tothe areas between the
holes of the capillaries. A mechanical barrier (a rimirig. 3 ofthe height approximately
equal to the filmthickness could based toprevent the filmfrom spreading laterally. A
wettablesubstrate (with non-wettable rim) is also conceivable. It is difficulinéke the
final choice without some experimentation.

Let’'s consider oneycle of the motion of theiston, starting on fronthe position
wherethe liquid film ispresent on the outer surface of fherous substratelhe piston
begins moving away from the substrated, bythe end of aalf-cycle, “sucks™the liquid
out of the capillaries into the volume behind substrate (Fig3). Onthe reversanotion,
the piston pressethe fluid throughthe capillaries and creates a liqdieh with a high-
quality reflecting surface. In otherords, we assuminat the stroke of thpiston isequal
to thethicknessb of the substrate (plushe film thickness, which is usuallpegligible
compared tdo). In principle, itmay suffice to have a stroke as small deva thicknesses
(h) of the liquidfilm. We, howeverwill discuss anore difficult in realization case of a
largerstroke. Thislarger stroke may beecessary if one wants éxtract all theworking
fluid from the capillaries during every cycle. A continuing lateral flovthefworking fluid
through a plenum behinthe substrate (1 ifrig. 3) could then be organized to gradually
refresh it. A cleaning system could be introduced in this contour.

3.2 Deformations of the substrate

Obviously, to provide a smoothest possible surfacthemirror, the radius of
capillaries,r.,, should bemade as small agossible. Orthe otherhand, the pressure

required to push the fluid through capillariép, increases ak'r,;



ap=22 (3.1)

rcap
For wettable materials one would have to apply a negapvéo suckthe liquid out of the
capillary. When making thesstimate (3.1), we considered perfectly non-wettable or

perfectly wettable material, with the contact angle being eithet Ai8(*. The pressuredp
applied to the substrate causes its deformation, which we will evaluate in this sub-section.
For the mercury,
10

lcap(HM)

We do not want to makép too large, to avoid too strong deformationttod substrate; this
pushes us in the direction of the larger ragji. For the numerical example we choasg,

=5 um. According to Eq. (3.1), this corresponds to the pressure of 2 atm.

The maximum displacemedib of thesubstrate occurs in its cent&®isplacement
amplitude is [12]:

Ap(atm) =

(3.2)

4
Ab= 3<1u_gRAp, 3.3)
16b°E
whereR is the mirror radiugk is the Young’s modulus, andis the Poissoroefficient of

the substrate. To make an upper-boestimate ofAb, we assume that E is 10 timess

than the Young’s modulus for the steel, i.e., we &k210"n/n?. With regard tqu, we
take a value 00.3, typical for many materialsAssuming, as beforghatR=0.5 cm, and

b=0.1 cm, we find thatdb ~ 1um, the value that looks acceptable.

_ The characteristic frequency of the lowest mode of elastic vibrations stiltisérate
is

b’E
R'p’
wherep is thesubstrate densitylaking p=2 g/cn?, and the other parameters lasfore,
one findsthat theresonant frequency is ~18", orders ofmagnitude higher than the
frequency of thepiston motion. This justifies using steady-state approximation in

evaluatingab.
Rough estimates of displacement and of the lowest eigenfrequencyefdaragular

/
membrane can be obtained by repladtha Eqgs. (3.3)and(3.4) by (2L12 + 2L, ) e

whereL, andL, are the lengths of the sides of the rectangle.

An additional force on the membrane will appear because ofisheusfriction of
the working fluid against the walls of the capillaries. We assutinat liquid inside
capillaries performs a vertical sinusoidal motion with the petrjgd, and the amplitude/2
(the distance between thpper andhe lower position ofthe surface is then equal to the
thickness ofthe substrate). Thignotion is driven by thepiston. The amplitude of the
viscous friction force between the walls and the liquid can be estimated as

21b?vpl toiston: The number of capillaries per unit surfaeea of thesubstrate is

w~ (3.4)

n/nrcap, wheren (~1) is afilling factor by which wemean the ratio of the area occupied

by the loles tothe total area of theubstrate Multiplying the two quantities, one finds
additional pressure required to press the fluid through capillaries:



21rby,
Apyisc = rzrp _ p‘- (3.5)
cad pist

For mercury,andn=0.5, r =5 pum, b= 1mm, and t,=0.1s one findsthat Ap,;~0.035
atm and can be neglected compared to the pressure perturbation (3.2).

Two caveats are in order hefgrst, the real motion of thgiston will probably be
not a pure sinusoid. It might be worth adding a “plateau”thendependence of thmston
position vs time around the point where the thickness of the fluid film has reached a desired
value. This woulceliminateany unnecessary motiotisat coulddistort the surface of the
film around the timevhenthe optical pulsarrives. Forthe period of0.1 sthis plateau
could probably b®.02 s long. Howevetthe presence dhis relatively shortplateau will
have no significant effect on the estimate of the f¢8:B). The second caveat is related to
the fact that, when making estimate (3.5), we have implicitly assumed that thoflwiith
the capillary is a pure Poiseuililow. In fact, the presence of the free surface of the fluid
leads to a more complex 2D flow near the surface. We neglect this subtletyastimates
because of a very lardpr_ . ratio.

cap

3.3 The waviness of the reflecting surface.

The substrate isnade of many capillaries closely packedether. As we assume

that the walls of the capillaries have a thicknesthebrder ofrcap (n~1), the spatial scale
of the surfacestructurescan be estimated ag,, When the fluid ispressed through the
capillaries, its surface gets rippled at this saale in other words, the ripples have a
characteristiovave numbek~1/r,, . These ripples experience a rapidcous damping

cap”
described by Eq. (2.7). For mercury apg= 5 um one has l~10" s*; in otherwords,

these perturbations damp away duringnall fraction of theperiod. Generallyspeaking,

initial perturbations will have a broad spectrum where also longer wavelengths will be
present. Specific details of the spectrum will be determined by possible larger-scale
correlations between positions ioflividual capillaries. These correlations will depend on
the manufacturing process and are unknown to us at this &iagecaronly saythat even
perturbations with spatial scales +l0decay relatively quickly, within ~115.

A specialclass is formed by long-wave perturbations witkk* , which are
unstable foithe upside-downorientation (Seesec. 2.1).The finite radius of the mirror
limits wave number of perturbations from below, by the value approximately equal to

K..=15R (3.6)
(the exact numerical coefficiertepends orthe boundary conditions othe rim). For
mercury, andR=0.5 cm, the unstable mode is indeed predentk*). However, itgrows

very slowly because of theiscous effects. Indeed, Eq. (2.10) shothat for a 25um

thick mercuryfilm, and k=3 cmi’, the growth rate is 6102 s*. The corresponding e-
folding time is 15s, much longer than the period of tipéston motion. For aectangular
mirror with the lengths of thesidesequal toL, and L,, underthe assumptionthat
displacement is zero on the boundaries, the minimum wave number is
101
nin =717+ 7
VL
Although the instability by itself is not a big problem (because of its gralth
rate),the absence of thestoring forceor the perturbationsvith k<k* means that at the
large scales thélm must be perfect durinthe whole time of its creation, withtilts or
bumps with a scalke<k* being inadmissible. This meatist theproperties of thgporous
substrate must be uniform to a high level of precision at these scales.

(3.7)



As the long-wavelength instability is sslow, it is not alimiting factor in the
increase of the size of the mirror. The uniformity of sdstrate at larger scalemy pose
more serious problems.

Conversely, if one wants to have a mirror that would be stablallfperturbations,
and whose surface would experience restoring forces bringing the surface to an equilibrium
shape (thereby relaxing requirementstite quality of thesubstrate), onenight want to
reduce its radiu® to the values belowpughly speakingl.5k* (3 mm for mercury).
The problem is that the equilibrium shape for a small mirror will not be planar, but will be a
meniscus. One magpply a correction technique based tbha use ofelectrostaticforces
(see Sec. 4) to produce a planar part aroundeheer of the mirror (Fig5). Although we
haven’'t made yet analysis of the other candidate fluids, it is pofisaléhereexists fluids
with k* smaller than in case of mercury. This would allow one to increase the mirror radius
beyond 3 mm. We have yet to study whether electrostatic forces introduce new instabilities.

There exists a general question of what isntir@mum possible level of deviations
of the mirror surfacérom planarity inthe stabledomain. Thisminimum possible level is
determined by thermal fluctuations. The spectral energy deénsityf thermal fluctuations
is defined by the equation:

dW= Wy dk dk (3.8)

wheredWis the energy of surface oscillations in the interval of wave nundtersik, per
unit surface area of the plane. For thermal fluctuations, one has

_ T
W = (22 (3.9)

(the Rayleigh-Jeandistribution, withT being the temperature of tfiém). On the other
hand,W, is related to the spectral density of surface displacent&ptsvia equation:
2\ .2
(f )kwkp sinh(kh)

W = k Dcosthh )—1: (Ez)k(ngrakz) (3.10)

(we haveused dispersiorelation(2.1)). Equations(3.9)-(3.10)then yield thefollowing

expression for the contributiai?” of the intervallk, dk, to the mean-square deviation of
the surface from the plane:

d&® = (), dk,dk, = (

T
27'[)2( @+ ak?
Remarkably, this result coincides withe peviously derived expressidor d&° for the

fluid of an infinite depth [13]. For capillary wavéise., the waves withk>k*, Eq. (2.2)),
one obtains:

) ik, dk, (3.11)

Tdk
d&?=—— 3.12
= (3.12)
We have taken into account tiet,dk =2mikdk The contribution to the surface roughness

from the wave numbers whose absolute values lie betesamlk, is:

2 _ T Okl
E(k<k<lk)= 27Ta|nEEE (3.13)

The longerwavelengths k<k*, give smallercontribution. One seesthat for a rough
estimate of the r.m.s. value for deviations from planarity one can use an equation

= 5T
\;<52> = \/% (3.14)



where we haveeplaced the logarithmic factor by itgpical numerical value ~ 5. For
mercury at the temperature ~4.6" erg (300°K), one hasqf<52>~1 A. This determines

the minimumpossible surfaceoughness. As wapointed out inRef. [13], the actual
roughness may bsomewhat larger tha(8.13) because of the finite size of atoms (or
molecules) forming the fluid.

3.4 The role of vibrations.

High-precision optical elements installed on an experimental facilitually
experience some level of vibrations originating from extesoakces.There is arissue of
possible misalignment caused by thesébrations. Forthe optical systems a great
experience has been accumulated in dealing with this problem. betige solid elements
of the system discussed abdeeg., substrates) do natreateany specificnew problems.
A question may arise, though, on how vibrations could affect liquid surfaces.

Typical frequencies ofibrations, w,,,, lie in therange below300 s'. They are
below the eigenfrequencies of theubstrate (Eq(3.4)). Wetherefore assume that the

substrate moves as a perfectly rigiddy. This motion can be represented as a
superposition of translational motion and tilts.

We first consider translations. Vidbaracterize them by a displacement veé{ty.

The translational acceleratiaiié/dt® can be represented assam of the tangential and
normal acceleration. The normal acceleration does not changbape of a planar surface
of the mirror. So, we considetangential acceleration. dauses a fluidlow along the
surface of the mirror and leads therebyiltong of the liquid surface. Forrelatively low
frequencies mentioned above and thin-endiilghs, the conditionw,,,7<1 holds (wherer
is defined as iN2.8)), meaning that the tangential velocity is a lindéanction of the
distance fromthe substrate surface (Couetftow), with the average(over the film
thickness) velocity equal to

__1&

v=t (3.15)

where by¢, we meanonly tangential component of thgisplacement. This flow causes
increase of the depth on one side of the mirror and decrease on thsid¢h&he estimate

for the relative displacemeuth of the fluid surface aiwo opposite sides dhe disk then
follows,

2
- hO‘)vibr ET

Ah min(wy, At) (3.16)

whereAt is a time interval during which thin film exists at the outer surface ofuhstrate
(0.03 s inthe example given i®ec. 3.2). Waleliberately overestimatdh by writing &
instead of¢,.

The tilt of thesurface of thdilm relative to thesubstrate isAh/R. In order to be
unimportant, it must be less than the tilt of the substrate i&elfhe latter is related to the

displacement by~¢/L, whereL is the size of the structural elementtlod facility towhich
the mirror system is attached, or the wavelength of vibrations in this elentaet)aftter is
shorter. In this way warrive at thefollowing criterion for unimportance of specifically
“fluid” effects in vibrations:



th\%ibr T
R?

As we have alreadgnentioned, for thin-enough filmsne hasw,,, 7<1. This meanghat
condition (3.17) iscertainly satisfied ihL<R? for our standard set of parametd®s;0.5

cm,h=25pum, this latter inequality holds if<100 cm.

The normal component of the acceleratfwes notaffect the planar surface of the
liquid film but it may affect the curved surface of the typedigcuss irthe nextsection.
We will not present here the corresponding simple analysis. It is also worth tiatirtdts
of the substrate cause smalkdt of the liquid surfacerelative tosubstrate thamangential
accelerations we have just discussed. We leave further details for the future reports.

min(wy i, ,At) <1 (3.17)

3.5 Maximum intensity of the laser pulse.

There are two limitations on the intensity of the laser pulse that can still be handled
by the proposed system without damaging its permasmnponentsThefirst is decrease
of the reflectivityduring the lasemulse itself (becausef, e.g., bringing the surface to a
boil temperatureduring the pulse). The second igossibledamage to thesubstrate by
mechanicabndthermalperturbationsnitially produced neathe surface of the liquid and
then propagatingowardsthe substrateThe first constraint is not specific wur concept.
There existnumerous studies ofhat issue. Wetherefore discuss onlythe second
constraint,limiting ourselves to ajualitative discussion. Weconsider a 1-dimensional
problem, assuminghat thespot size on the surface of tHém is greater than théim
thickness.

There are two characteristic times important inghablem,the soundpropagation
time throughthe film, h/S (whereS is the sound velocity),and thetime of a thermal

diffusion, h*x (wherey is thermaldiffusivity). For a 25um-thick mercuryfilm, the

acoustic time is ~20°® s, and the thermal conduction time & s.

The characteristic pulse-width of the x-ray pulse in the LCLS project is in the range
of 200-300 fs. As the laser pulse is shorter than the acousticthieygressure perturbation
created near theurface, propagates as acoustic pulse (which may becomeslaock

wave, if the amplitude is large enougfihe energy depositiooccurs at a deptdh ~ 0.3

MM in mercury (this is determined by photo-absorption shys and subsequernhergy
transport by keV-rangelectrons).The liquid within this layer isheated up to some

temperaturedT virtually instantaneously (compared both to the sound propagatierand

the heat conductiotime over Ah). The resultingoressureperturbationAp then drives an
acoustic pulse propagating towards the substrate. It may form a weak shbekfdyiliar
overtaking process [9]. The shock is formed if the condition

Ap > pS %h (3.18)
holds. By noting that the pressure perturbation in the isochoric heating can be evaluated as
App ~ PSBAT (3.19)
(wheref is volumetric thermal expansion coefficient), one finds that the shock is formed if
AT > ah (3.20)
ph

For mercury in the aforementionegikxample,the shock is formed ifAT>50 K. This
corresponds to the deposited enefghAT>3 mJ/cm.



If the shock isindeedformed, it weakens durinigs propagation througkhe film
[9]; the pressure jump at the distanceh from the surface decreases to

Ap~ . pRARA N h<A g. For the energy deposition in the rangetef critical value of 3

mJ/cnt, the expected pressuaenplitude will be in the range of Bbar, somewhat below
the yieldstrength of goodtructural materials. Of some concenay be behavior of the
shock near the edges of the capillaries where the energy concentration may occur as a result
of reverberations. To answer this question, experiments orugizrical simulations may
be needed.
For longer-pulse, higher energy-per-pulsdasers, the favorable regimes of
operation are those where the pulse width is larger thasotiredpropagatiortime h/S so
that thermaktresses ithe heated surface layers incread@baticallyslowly, and do not
lead toshock formation.They just cause a quasi-equilibriutinermal expansion of the
heated layer, with only small pressure increase in the bulk of the film. If the pulse is shorter

thanh/S it is at least desirable to makdahger thanAh/S. The pressurgoerturbation in
the pressure pulsthat will be propagating towardshe substrate will then be mudess
than Eqg. (3.19).

4. Electrostatically controlled mirrors
4.1 Mirror focal length

Another CAMEL configurationwould be aparabolic mirror in a thin layer of a
liquid, with a substrate being a flat conducting plate. A alegtrode of a radiuR will be
situated at some distanceéRj~over the surface. Electric field will distort the surface of the
fluid, with the region near thaxis forming a parabolic mirror (Figs). If athin ring is
situated at a distanee from the surface of thelate,the electric field at the planaurface
of the conducting fluid (kept at the ground potential) is determined by the equation

2URaJ. (07)
A (a + R - 2Rrcosp +r )3/2

whereU is thering potential, andA is a logarithmic factor depending on the (small)

thicknesd of the ring A=In[2min(a, R)/d]}; r is the distancérom the axis of symmetry.
Underthe action of the ponderomotiverce, the surface becomgserturbed.However,
these perturbations are small (at Idastthe mirrors withthe focal distance much greater
than the mirror radius). We will neglect these small corrections when eval&atitfgthere
is a need to refresh the fluid between the two subsequent pulsesmurse a conducting,
porous substrate.

For large-focal-length mirrors deviations die surfacerom planarityare small,

Ah<<R, and one can use the linear equation to find

a d dAh E2

rar ar PN (4.2)

We will study its solution near the axis, at smalh this zone the ponderomotive force can
be presented as an expansion:

E,(r) = (4.1)

E2 mUua)? O DZ o O
—< = Elr Cl C2 +..0 (4.3)
8T 2/\2(a2 + RZ) 0RO DRD 0

We limit ourselves to the first three members. One has:
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If we are interested in not-too-small mirrors, wikie size exceeding k¥, one cameglect
capillary forces and set the left hand side (I.h.s.) of Eq. (4.2) to Zkem one obtains the

following expression for the functiofih(r):

mua> O o, orcf, O

A+Crn +Crn +..00 (4.5)
2pgN*(a + R2)3 o HRH RO TR
If corrections related to the finite value of the capillfoyces are required, onecan find
them bysubstituting this solution tthe I.h.s. of Eq. (4.2). The ideal parabolienirror
corresponds to all the terms beyahdbeing equal t@ero. The focal length in the paraxial
domain, where the third and higher-order terms in the R.H.S. of (4.5) can be neglected, is

F= pg/\z(a2 N R2)5
3n(Ua)*(3R - 22

At given voltaged and radiuR of the ring, thefocal length varies as a function of
the distance between theing andthe surface. Atsmall a, the surface near thexis is

almost flat, and the focal length is infinite. It reachesi@mum at the distanca~0.45R.
At the further increase @ the surface near the axis again becofta¢s(ata=1.22R), and
then becomes convex, giving rise to a defocusing mirror. The minimum focal length for the

defocusing mirror isattained aia=<1.57R. Finally, ateven largera’s, the surfaceagain
flattens.

At the distanc@~0.45R corresponding to the minimum focal length, one has
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Eqg. (4.7) shows thatyith mercury asthe working fluid, creating a mirror with a focal

length of 50 cm by a ring of the radiBs0.5 cm requires a modest voltagel.5 kV (we

assumed\=3). With this voltagethe maximum value afih (which is reached just under
the ring, atr=R) is approximately 3Qum. This setsthe minimum value of thénitial

thickness of the liquid film, which must be greater than t180

One advantage of this schemehat it works not only forconducting but also for
dielectric fluid (for the latter, the resukinalogous to Eq(4.5) will also depend on the
dielectric constant).Another advantage is related topassibility of usingseveral ring
electrodes segmented in the azimuthetction,eachwith an independent voltagsntrol.
By proper adjustment dahe voltages applied tazimuthal segnmés, oncan create an
approximately parabolic mirror with an axis tilted with respect to the normal wutifexce.
This demonstrates one outstanding featurth@CAMEL concept: remote control of the
focal length andbptical axis of a figured mirror, withouintroducing any mechmcally
moving parts.

A relative disadvantage diis scheme ishe presence of the electrodedront of
the mirror. Thislimits the solid anglethat can beused forcollecting light. For dielectric
liquids, however, one can solve this problem by using asilngted belowhe liquidfilm
and dielectric substrate, as shown in Fig. 7.

(4.4)

Ah(r) =

(4.6)



4.2 Characteristic time-scales for changing the shape of the mirror.

Consider a pool oliquid of thethicknessh<<R. If one wants to vargyhe focal
length and orientation of the optical axis by varying the voltages at different electrodes, one

has to evaluate the characterigime 1, .. Within which the liquid will redistribute itself
over the surface of theubstrate andettledown inthe new equilibrium. Forthin films,
viscous forcesnay be important and couklow downthe response time. Basically, this
time is equal to thetime of viscousdamping of surfacevaves withthe wave-number
k~1/R. For not too thickfilms, the damping rate is determined By. (2.9), with the Ist

term neglected (because we assumekttizit1) According to the estimate (2.9), we have

2UR?

Tresponse™ th (4.8)

For a mercury mirror witiR=0.5 cm anch=30 um, one findst,,,...~20 s. According to
Eqg. (4.8), the response is faster for thicker mirrors. At some point, hovikgeesponse
time evaluatedaccording toEq. (4.8) becomes shorter thahe viscoustime (2.8), and
applicability conditions of Eq. (2.9) (or, equivalently, Eq. (4.8)) break down. The
maximum thickness at which one can still use Eg. (4.8) can be evaluated from the condition

Tesponss T (With T as in Eq. (2.8)), which yields:
mpv2red’

h~ BTE (4.9)

The corresponding response time is
Rt
Tresponse™ Egzv E (4.10)

For the mercury mirror witR=0.5 cm, one has=150um, and the corresponding shortest
response time ~0.2 s.

For the film thicker than thene evaluatedrom Eq. (4.9), the responsewill be
accompanied by excitation of teave motion ofthe fluid. Onecould significantly reduce
the amplitude of transient waves by applying the voltage Iladiabaticallyslow” fashion.
How much one can gain then in terms of tesponse timewill be analyzed in further
reports. Too thick films, othe otherhand,may be too vulnerable to vibratio(seeSec.
3.4).

4.3 Liquid dielectric zone plate

By introducing a set of properly spaced ringsderneath the surface of the
dielectric film, and charging them, one can produce a set of condeainps and dips on
the surface (Fig8), via the action of the ponderomotiferce. The width of eachbump
(dip) should beequal to thewidth of the corresponding Fresnel zone. Thidl not be a
step-wise zone plate, because transitions between tops and botttirassoifface structure
will be smooth, but it will work in a similar way, yielding a significamplification of the
light intensity in the focal point.

For a normal incidence, the required height of the surface featuds-Ag4,
where), is the wavelength of the light. The width of the every zoneush larger: thescale
is /~(A, F)"%, whereF is the focal length. The required electric field strength onstivéace
of the film is determined by balancing the ponderomotive foE38r; against thecapillary
force, which scales amAh//?, where a is the capillary constant. When writing the
ponderomotive force, we assume that the dielectric constant dfintheg, is not very large,
~1. Equating the two forces, one obtains the following estimate for the required dlliettric



strengthE2/8n~ al/4F. Taking as a representative value of the capillary constait00
erg/cni, and the focal distande~100 cm, one finds that the required electric field strength is
~ 1 kV/cm. For visible lightA, ~0.5um) and the focal length 100 cm, the size of the first few
Fresnel zones is equal to ~0.7 mm. Téetsthe scale of the voltageequired to create the
aforementioned electric fielddU~70 V. The thickness of the film should be of order//of
(in the aforementioned example this is ~ 200 micrometers).

For X rayswith the wavelength of 1.5 A, one has to use grazimgdence
optics, with the incidence angk (counted from the surface of the plate) being ~ 10 mrad or
less (otherwise, the reflectivity becomes prohibitively low). In tase, it isnefficient to use
circular zone plate. Instead, one can use a linear zone plate, providing a cylindrical focus. The
length of the platewill then be much greater thaits width. For small 8, the required
amplitude of surface relief becomeglh~A, /46 and the width of the zonebecomes
(~(AF)"? 8. For the focal length of 100 cm a®g10? ¢ is ~ 1 mm, andih is ~40 A. For the
film thickness ~ 30Qum, the electric field required tproducethis surface relief becomes ~
100 V/cm, with the voltage betweereighboringwires (separated by the distance ~ 1mm) in
the range of 10 V. It is assumed that the incident beam is broad enough so that the length of
its imprint ias at least a few times greater than

5. Capillary diffraction gratings
5.1 Using ferroelectric transducers

It is obviousthat thesurface of the liquidilm, if rippled by a capillarywave, can
serve as aeflecting diffractiongrating. It looks espedlg attractive for rep-ratesystems
with high energyflux, which wouldrequire replacement of the grating after evewse.
With the grating creatednew onthe surface of a liquilim (which is also replacedfter
everypulse),one can operate aigh rep-rates, dermined by thd¢ime of replacement of
the film (up to ~ 100 Hz). The most obvious waylafnching a capillaryvave is using a
transducelsay, aferroelectric transducer) situated at one sidehef film and exciting a
capillary wave of a desired wavelength propagating towards the other edge.

Unfortunately, thistechniguedoes notwork for short-enoughgrating periods,
below a fewmicrometersfor mercury. The problem is thashort-wavelengthcapillary
waves damp very rapidly because diie viscous dissipationNEq. (2.7)). For short
wavelengths, onean neglect the contribution of the gravitational force todispersion
relation (2.3). The group velocity of the capillary wave is then

3 |ak
Vgroup = E\/% (5.1)
Dividing it by the damping rate la(Eq.2.7), one finds the e-folding length,
3 a
gabszz\/pvzkg (5.2)

For the wavelength of 1n on the surface of mercurthe absorption length is a mere 60

pum, only 6 wavelengths. For shorter wavelengths tmisnber decreasefurther.
Therefore, for a single transducer, it dgficult to create a “capillary grating” of a
reasonable length. One could consider a set of phased transducers sepaheteatistgnce
of, say,/,, /2. But a long array required to produce a diffraction grid with, sdypé&fods
would be relatively more expensive than the system we describe below.



5.2 Using the electromagnetic drive

We suggest tgenerate a standing wave perturbationJBy force. Consider an
array of thin parallelvires placed on the surface of tligelectric substrate (possibly in
precisely machined grooves), with the wires being in electric contact with mercury (Fig. 9).
We impose a constant magnetic field gf B0 kG strength, oriented alotige wires. Such
a field can be created by permaneragnets. A sinusoidafoltage will be applied between
the neighboring wires and will drive the current in mercury. Interaction of this current with
the external magnetic field will excite a capillamave onthe surface of thdilm. The
wavelength willobviouslyequal to the doubled inter-widistance. To be specific, we
considerthe phasingthat corresponds to a standing wave (althowggmeration of the
traveling wave is alspossible). Toreduce the requirements to the currdansity, we
choose the frequency of the current to coinaidih the frequency of the capillary wave
with the desired period (determined by the distances between tgidboengwires). The

creation of reflection gratings with @m period will require a voltage frequency in the
range of 1 MHz.

We assume that ththickness ofthe film is not very much larger thad/k
otherwise, perturbations produced tine currents flowing neathe bottom will be too
weakly coupled with surface perturbations. To be specific, we assume that the thickness is

h=A/k, (5.3)

with the numerical coefficient A being equal 2-3.
The time for the magnetic diffusion over the thickriess
_ K

Tmagn= ﬁ1 (5.4)
is quite short. For the mercury ahnd5 pum it is less than 1 ns (see Table 1 fq);0On other
words, the current is distributed resistively, and isn’t strotagglized near theubstrate:
it flows over the whole thickness of the liquid film. If the current per unit lengtheofvire
is J, then theparallel to thesurface component of the current density~&h. The vertical
force acting per unit volume of the film can then be evaluated as

f,~ 15 (5.5)

Cc

whereB, is the external magnetic field. Consider fits¢ staticcase, wher¢he inter-wire
voltage(and, accordinglyj) does not vary with time. Thigertical force, integratedver
the film thickness, is then balanced by the surface tension, so that

f,h~ ak?&,, (5.6)

whereé, is the surface deformation in the static case. From Egs. (5.5) and (5.6) one finds
that

_Boh _jByA
ak’c akic’

o
where we have used Eg. (5.3).

To reduce requirements to the drivimgirrent, wewill exploit the resonance
excitation, in othemwords, wewill adjust the frequency of the current to be equal to the
eigenfrequency of the capillawyave withthe wavelength determined by the period of the
exciting force(two inter-wire distances). Fothe sinusoidal dependence diie exciting

force over the time, one has:
&+ 4vk25‘+a)§§ = wgfo coswt (5.8)

(5.7)



The second term describes viscous damping (Eq. (2.7)). If the freqweoaicides with
the resonant frequenay, the amplitude of the surface oscillations can be evaluated as

Wo
5.9
0 max(4vk2 A /At) 9)
Here we have taken into accouhat, in somecasesthe durationAt of the wave-train in
the wire array may be shorter than the inverse damping time. In particulanathise the
case when the viscous damping is small.

For the 10um wavelength K=6.2810° cm*) in mercury, one hasy,=310° s*,

and 4k’= 1.810° s. Therefore, for ariving pulse duratiomt exceedingl0-20us, the
amplitude of the surface perturbations will be ~15 times higher than the amplitsia¢icof

perturbations,..

Assume that the wave amplitude is approaching nonlinear statekéwh3 (or, in
other words, peak-to-valley distance equal @1 of the wavelength), meaning that

£,~0.02k~310° cm. Equation (5.7), with A=2.5, and B,=10 kG yields then the
following expression forthe required current density=~10* CGS~30 kA/cri The

resulting magnetic field perturbation48 ~ 10 G. The forceactinguponthe fluid can be

evaluated in terms of the magnetic pressure perturb&jdB/4rr, which is in the range of
0.1 atm. It issmall enough not to cause cavitation (in tegions wherethe pressure
perturbation is negative).

The grating can be considered assttic” grating if the laser pulse length is
significantly shorter than the temporal period of the capillealyes. For lasenwith pulse-
width lessthan a fraction ofmicrosecond, this condition is satisfied wisignificant
margin. The driving pulseshould be synchronized in such a way as to provide the
maximum amplitude of the surface perturbation at the time of the arrival of the laser pulse.

5.3 Heating of conductors and of the working fluid.

The thermal conductiotime over the thickness ofthe film, ~h?/2y, is typically

shorter than the driving pulse length. For a mercury filamgthick, Tis ~10°s, lessthan

the expected duration of the driving pulse. Assuntiegvorst-case scenario of one-sided
cooling, from the side of the substrate, one concluddisat the maximum temperature
increase will occur on the surface of the film and will be determined by the relationship:

s 212 . 2
ar= A" 21 O (5.10)
2C,XT  CpXC

For mercury, and the current density and other parameters as at the end of previous section,
this yields a very modest temperature increase 6fH00nN the othehand, fordiffraction

gratings with periods considerably shorter thanud® boththe current density and the
temperature variation increase significantly, becausestfoagdependence of the current

density on the wave number. Note also that at higher valu€Btbkermal expansion of the
liquid becomes substantial. This, on the one hand, may interfergheitynamical effects
discussed above but, on the other hand, may provid#eanativeway for modulating the
surface of the film. A more detailed analysis of all these effects is required to determine the
smallest achievable period of the grating.

Consider now heating of the wires. If the widthtleé grating i, and the voltage
is applied at bottends ofevery wire, the current entering eachire from one side is

I~jbh/2. Takingj~30 kA/cn?, b~1mm, anch=5 um, one finds that~1 A. For a wiremade




of silver, with the resistivity of 1.62 pOhmiém, and thethermal diffusivity ~4.53
W/cnPK, the heating during the driving pulse is in the range dK10

Limitations on the intensity of the incident laser radiation tare-fold: reflective
properties of the film should not deteriorate significantly dutivgylaser pulsenechanical
perturbations created in the film by the heating of the surface layer doeingulse should
not damage the substrate with embedded wires (see Sec. 3 for discussion of both issues).

5.4 Grazing incidence gratings

Grazing incidence gratings, likely to lbsed in x-ray opticsallow one to reduce
requirements to the amplitude of the surfa@ve. Weconsiderthe casevherethe grating

periodA is much longer than the wavelengtjof x rays,
A<<A (5.11)

We measure the incidence an@e< 1 fromthe film surface (not fromthe normal to the
surface).One canshow that, undercondition (5.11), in order to havethe first-order
maximum shifted from the zeroth-order maximum by an angle comparable to the incidence
angle and, at the same time, have a significant suppression of higher-order maximums, one
has to fulfil two conditions,

OA ~ 211é, (5.12)
and

2mé6~ A, (5.13)

whereé is theamplitude of the surfaceave (seeSec. 6.2). Fothe givenA, and A these
two conditionsthen yield thefollowing results forthe optimum incidence angle and
required amplitude of surface perturbations:

1

o \fi\_x, (5.14)
and
M
g~k (5.15)

Taking as an exampke~ 3 um, andA, ~1.5 A, one finds6~10 mrad,and é&~3[107 cm.

This amplitude, if normalized td, is significantly smaller than the one considered in
numerical examples ddec. 5.2. This, in turmmeans thabne can drive a smaller current
and avoid problems witlthe film heating. Notethat the intrinsicsurface roughness
evaluated in Sec. 3.3 is still much smaller than the required amplitude (5.15).

5.5 Using dielectric liquids

One can create diffraction grating baseddaectric liquds. Thiscan bedone in
the sameway as discussed in Sec. 4.3 in conjunctiath dielectric zoneplates. As
dielectric liquids are generally rather poor reflectors for the normal incidence, one will have
to use them in the grazing incidence mode described in the previous section. For the grating

period A(Bum and the wavelength of rays A, ~1.5 A, the amplitude of the surface
modulation, as mentioned in the previous section, shoufgH3€ A. For a liquid with not

very large dielectric constant, &-1~1, creating such perturbations wouldequire a
periodically varyingelectric fieldwhose strength nedine surface can be determined from
the following equation:

aéo(2/ A)? ~E2/8m (5.16)



For a~100 erg/crh typical for dielectric liquids, and the other parameters as specified
above, one finds thahe requirecelectric fieldstrength is ~ 10V/cm. This is beyond the
breakdown field forliquid dielectrics. Therefre, onemay have to resort to a resonant
excitation of surface waves, as described in Sec. 6.2. This would bring the redgited
field strength to a more comfortadevel of 10 V/cm. Notethat the potential difference
between the wires is quite small (because of small spatial scatdged), inthe range of
10V.

6. Summary

This paper describes seveeddments of reflecting optidsased orthe use ofthin
liquid films. The shape otthe free surface of theirrors is controlled bycapillary forces
and magneto-electrostatforces (whencethe acronym “CAMEL’="Capillary-Magneto-
Electrostatic” introduced in Sec. 1). In the rep-rate mode cangeplace the film material
in every puse. This wouldallow one to keep the surfacteanand initially cold even at
high energy densities duringach lasepulse. Wehave pointed out at the possibility of
using planar liquid-film mirrors in the “upside-down” orientation, withthe viscous
inhibition of the gravitational instabilityThe film material will berenewed within thdime
shortcompared to the instability e-folding time. Reflecting diffractigratings can be

created by perturbing the film surface by 3#x8 force generated by an array of embedded
fine wires. Gratings orthe surface oflielectric liquids can beproduced byelectrostatic
forces created by submerged conductBexabolic mirrors andeflecting zone plates can

be created both electrostatically and electromagnetically. A focal length and the direction of
the opticalaxis of the parabolic mirror can be changed by controlling voltages on the
segmented electrodes, without any need for introducing mechanical actuators.

For rep-rate applications, an importaglement of theCAMEL optics is aporous
substrate (perhapsnade offused capillaries): a thin liquid layer is createaver the
substrate and then removed psessingthe fluid in and outhroughthe capillaries. We
have evaluated deformations of #habstrate during thigprocess. Wdave alsadiscussed
effect of vibrations of thenechanicaktructure on thelistortions ofthe film surface and
have derived conditions where vibrations are unimportant. Joule heating hasvaleated
for the cases where ihay be potentially importanéll in all, we have presented a set of
equations which could serve as a starting point for a more detailed analyjsepuoiposed
system.

Potential applications of th@éAMEL optics arenumerous andhclude high-power
lasers in various spectral ranges (from infrared4@y), aswell as low-intensityadaptive
optics systems.

Next steps irdeveloping theCAMEL optics shouldnclude systematization of the
information about possiblevorking fluids andsubstratesAmong the parameterthat
should be screened, in addition to those listed in Table 1, there should the following ones:

1. Saturated vapor pressure over the surface.

2. Reflectivity for various wavelengths and incidence angles.

3. Cost per gram.

4. Contact angles for various substrates.

5. Products of decomposition of the film by intense laser pulsendiorelementaivorking
fluids).

A key issue inthe experimentatests ofthe concept is a quality of a liquid surface
produced by pressing a working fluid through the porous substiagéee is no doulthat
thick-enough films with d&lat surface can be pduced. Whathas to bedetermined
experimentally, is theninimumattainable filmthickness(at agood surface quality). The



answermay depend on the cleanness of #ubstrate and its macroscopic uniformity.
Direct experiments are required to address this issue.
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Figure captions

Fig. 1 Liquid film over solid substrate. The substrate is shaded. The surface of the film is rippled

at a wavelengti=2m1=277k. Dashed line represents unperturbed surfadbeofilm; oh s
the amplitude of the surface perturbation.

Fig. 2 Dispersion properties of surface wavesha setting ofig. 1. a)Dispersion curves for
the mercurycurves, fromthe lower tothe upper one, correspond fidm thickness of 3,

30, and 100um, respectively; thedots showthe points wherethe conditionwr=1 is

satisfied, where is defined byEq. (2.8); dashedertical line is the linevhere k=k*; b)
Dispersion curves for aarbitrary fluid in thedimensionless variablesurves, from the
lower to the upper, correspond tthe parametek*h equal to 10, 10% and 10,
respectively.

Fig. 3 Creating a thin film in the upside-down geometry: 1 — working fluid; 2 — peudstrate;

3 —liquid film; 4 — rim.

Fig.4 An example of the CAMEL-type opticgystem with one planar mirror oriented “upside
down” and a focusing mirror having a “normal” orientation.

Fig. 5 Making aguasi-planar mirror by introducing correcting electrostédices. Inthe case
shown, electric field is created between the correcting electrode 1 and the liquid mirror; 2—
supporting structure (itsottom can be made ofprousmaterial). Thesolid line depicts
initial surface of the meniscus; thaghedine shows a correctesurface after the voltage
is applied; this surface is nearly planar near the axis.

Fig. 6 Creating &ocusing mirror by introducinglectrostatic field between the liquid and the
ring. More sophisticatedet of electrodes can lised,including electrodes segmented in
the azimuthal direction.

Fig.7 Creating a mirror in dielectric liquid. Liquid dielectricwith a dielectric constante, is

situated above thsolid substrate with dielectricconstantes,. Theunperturbed surface of
the liquid is shown by a dashed line. After voltage is applied to aetengrode of aadius
R, the surface becomes distortadd, nearthe axis, acquires theshape of a focusing
mirror. The second electrode is situated far from the ring.

Fig. 8 a) Creating a reflecting zone plate on the surface of a dielectric liquid by embedded circular
electrodes (sbwn in dashedines); the voltage isuppliedvia vertical conductors (thick
lines); the dielectric ishown as d@ransparent medium; b) Creating a reflecting zplage
on the surface of a conducting liquid (transparent layer the substrate) by driving a
current between the immersed circular electrodes; the external vertical current creates an
azimuthal magnetic field that allows one to keep the current between the circular electrodes
at a modeskevel (a holethrough whichthe vertical currentrossesthe zone plate is not
shown). Current is supplied via vertical conductors shown in thick lines.

Fig. 9 Generating a diffracting grating on the surface of the conducting fluid by driving a current
between oppositely charged wires of a planar wire array.
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